
Using three-dimensional, moving-mesh simulations, we investigate the future evolution of the recently discovered gas cloud G2 traveling through the galactic center.  
From our simulations we expect an average feeding rate in the range of (5–19) × 10−8 M⊙ yr-1 beginning in 2014. The accretion varies by less than a factor of three on 
timescales ~1 month, and shows no more than a factor of 10 difference between the maximum and minimum observed rates within any given model. These rates are 
comparable to the current estimated accretion rate in the immediate vicinity of Sgr A*, although they represent only a small (<10%) increase over the current expected 
feeding rate at the effective inner boundary of our simulations (racc = 750 RS ~ 1015 cm).  We also produce Br-γ images and light curves from our simulation data, which 
can be compared directly with observations.  Because of tidal compression normal to the orbital plane, all of our isothermal models predict significant (factor of 10) 
enhancements in the Br-γ luminosity of G2 as it approaches pericenter, in conflict with observations.  This puzzle suggests there must be some inconsistency in the 
assumptions made in our simulations.
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Table 1
Model Parameters

Model EOS ! Bkgd tstart !Ṁ"a

(10#8 M$ yr#1)

cc_i1_b1_95 Isothermal 1 1 1995.5 5.18 ± 2.25
cc_i53_b1_95 Isentropic 5/3 1 1995.5 7.75 ± 6.15
cc_p53_b1_95 Polytropic 5/3 1 1995.5 5.37 ± 4.08
cc_i1_b2_95 Isothermal 1 2 1995.5 4.64 ± 2.19
cc_i1_b1_44 Isothermal 1 1 1944.6 19.0 ± 12.1

Note. a Mass accretion rate, time averaged from when accretion started until
tstop = 2020.

its pressure from P = (! # 1)e, where e is the independently
evolved internal energy. For purely adiabatic flows, polytropic
and isentropic equations of state with the same ! and ! should
give nearly identical results, as the pressure will change in time
according to the adiabatic scaling. If there are shocks in the
system, however, entropy is not conserved and the two equations
of state may produce significantly different solutions.

The equations of state are applied only to the cloud. The
thermodynamic state of the background gas is specified by
one of the two hydrostatic solutions in Section 2, together
with the ideal gas law for the pressure. So long as cloud and
background gases do not mix, one can apply the two procedures
unambiguously. However, in reality cloud and background
materials do mix as the cloud moves through the mesh, so a
prescription for calculating a reasonable thermodynamic state
for regions containing both gas and cloud materials must be
provided. For our calculations we have chosen to impose a
relaxation scheme that sets the temperature of mixed zones
to a mass-weighted combination of background and cloud
temperatures. In practice this comes to Tmix = (T /")Tc + (1 #
T /")Tg , where Tc is the cloud temperature calculated from the
appropriate EOS, Tg is the background temperature calculated
based on the zone position relative to galactic center, and T /"
is the mass fraction of cloud material in the zone. We define
mixed zones as those regions where 10#4 ! T /" ! 0.8. Once
the temperature is calculated in this fashion, the pressure follows
from the ideal gas law.

Table 1 summarizes the five models we consider in this paper,
exploring three main parameters: EOS, background model, and
start date. In Section 4.1, we describe our generic results and
compare with the 2D simulations of Schartmann et al. (2012). In
Section 4.2 we compare results from the different equations of
state. In Section 4.3, we explore our two different backgrounds.
In Section 4.4, we consider the two different start dates. Finally
in Sections 4.5 and 4.6, we study the mass accretion and
luminosity histories of our simulations.

4.1. General Results

Figure 1 shows snapshots of the distribution of cloud tracer
material for model cc_i1_b1_95 over 10 years of its orbit, start-
ing in 2010. We do not show earlier epochs, since the cloud
is largely spherical prior to about 2010. As we are present-
ing three-dimensional simulations, we generally use volume
visualizations, which allows one to see the entire simulation
domain. There is, of course, an opacity factor, so one can only
see through low tracer regions. Only in Figures 2 and 3 do we
show two-dimensional slices through our data.

As expected from our estimates in Section 3, the early phase of
evolution is dominated by tidal stretching. By 2012.5, the cloud

covers an arc of roughly 1.0 % 1016 cm (5.3 R&
c ), compared

to widths and depths of roughly 2.0 % 1015 cm (1.1 R&
c ) and

1.4 % 1015 cm (0.73 R&
c ), respectively. Ram-pressure forces

become important at later phases when they compress the
head of the cloud and slow its orbital motion. Hydrodynamic
instabilities acting throughout the cloud history produce streams
of material that drift away from the main cloud body, particularly
along its inner edge. As this material loses angular momentum
relative to its Keplerian value (through interaction with the
background gas), it accelerates toward the black hole ahead of
the main cloud body. By 2013.5, this material begins to penetrate
within the accretion radius.

Beginning around 2013.5, the destruction of the cloud greatly
accelerates, so that by 2015 it has separated into numerous
filaments, with additional cloud material dispersed over a
volume many times larger than the initial volume of the cloud.
By 2020 it is clear that very little, if any, cloud material remains
on the original Keplerian trajectory. Instead, the bulk of the
cloud material has been stretched out into an extended filament,
anchored at the accretion radius racc.

The overall morphology of model cc_i1_b1_95 shows some
similarities to the comparable two-dimensional model, CC01,
presented in Schartmann et al. (2012; cf. their Figure 4 versus
our Figure 1). Certainly the position of the bulk of the cloud
material is similar in each corresponding epoch. However,
many differences are also apparent, especially in the fine-
level detail of the accretion filaments. For these, the two-
dimensional simulations appear to show a very thin, delicate
stream connecting the bulk of the cloud to the accretion radius,
whereas the three-dimensional simulations show a much more
dispersed distribution. There are two factors contributing to this
difference. One is simply a projection effect. If we were to take
a single slice through one of our three-dimensional simulation
volumes, as we do in Figure 2, we would see a much greater
level of fine detail, which is lost when looking through the entire
volume with opacity effects. The other, more crucial, factor is
that two-dimensional simulations severely restrict the avenues
by which the cloud can break up. The extra degree of freedom
in three-dimensional simulations has a significant effect on the
evolution of the cloud, a point we return to in Section 4.5.

4.2. Equation of State Comparison

Figure 2 shows the temperature of the cloud for our three
different EOS models on date 2013.5. The isothermal (! = 1)
cloud model, cc_i1_b1_95, of course maintains its initial tem-
perature T = 104 K. The isentropic (! = 5/3) model,
cc_i53_b1_95, shows some temperature variation, but the bulk
of the cloud material remains below 105 K. The polytropic
(! = 5/3) model, cc_p53_b1_95, on the other hand, shows
considerable heating, with much of the cloud approaching 107

K. The differences between the two ! = 5/3 simulations in-
dicate that non-adiabatic processes (i.e., shocks) play a signifi-
cant role. This can be seen more directly by noting in Figure 3
that the isentropic constant ! retains its initial value in models
cc_i1_b1_95 and cc_i53_b1_95, but changes quite substantially
for the more general polytropic model cc_p53_b1_95.

There are also some interesting differences in the morphology
of the clouds in each of these simulations. For example, Figure 2
shows a progression toward greater cloud disruption by the
Kelvin–Helmholtz instability as internal heating increases. This
is attributed to the smaller density differential between cloud and
background gas as the cloud volume increases and its density

5

Br-! Luminosity
For each of our simulations, we calculate Br-γ images and 
light curves using the case B recombination emissivity 
from [3]:
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Three-dimensional, volume visualizations of the Br-γ emissivity, jBr γ, for model cc_i1_b1_95p, spanning the period 2013.6 - 2020.  Images 
are shown from the perspective of an observer on Earth, with axes marked in units of arcsec of RA and Dec offset from Sgr A*.

Br-γ light curves covering the full time span of our simulations.

The light curves (calculated by integrating jBr-γ over the 
entire simulation domain) show:
•dramatic brightening starting around 2005 and 

continuing into 2014 for all isothermal models.
• fading of G2 to below the discovery limits sometime in 

the next decade. 
Only models that allow for substantial heating of the cloud 
appear to match the data reasonably well past 2008.

Images showing mesh structure and position at the start of each simulation and 
again in year 2020.  The small, gray sphere near the right-center of the image 
indicates the effective accretion volume, r < racc = 750 RS.

Simulations

1995.5

2020

Plot of the instantaneous mass accretion rate through 
racc.

Plot of the total amount of cloud material accreted 
through racc as a fraction of the initial cloud mass.

 Using the moving mesh that we introduced in [1], we 
simulate the evolution of a gas cloud on the orbit of G2 
through the galactic center.  Each simulation uses a 
Cartesian grid with a starting size of 14 Rc, resolved with 
256 zones in each dimension, giving an initial linear 
resolution of Δx, y, z = 8.2 × 1013 cm.  We fix the motion 
of the mesh using the Keplerian velocity of the cloud.  We 
experiment with three different equations of state: 
isothermal, isentropic, and polytropic. We also consider 
two different static models for the background gas. The 
table summarizes the five models considered in our first 
paper.  We have since added a new simulation, 
cc_i1_b1_95p, which uses the orbital parameters of [2].
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